Introduction
In steelmaking processes, a strong nitride forming element such as titanium is often added to stabilize nitrogen and improve mechanical properties of steel via the grain refinement during hot rolling. Recently, the formation of titanium nitride as a secondary inclusion precipitated during solidification is of great interest because it is known to help the formation of equi-axed cast structure. 1) On the other hand, titanium nitride formed in liquid steel can agglomerate, and cause a nozzle clogging during continuous casting and surface quality problems of final products. In order to control the formation of titanium nitride in various grades of steel, it is essential to have accurate thermodynamic data of titanium and nitrogen in steels containing other alloying elements.
The interaction parameter between titanium and silicon in liquid steels is important, because recently complex deoxidation by silicon and titanium is carried out in many grades of steels including stainless steels. Limited investigations have been carried out on the thermodynamics of Fe-Si-Ti 2, 3) and Fe-C-Si-Ti system. 4) The e Si Ti value in liquid iron was first reported as 2.1 at 1 873 K by Batalin et al. 2) However, this value is too large to explain the titanium nitride formation or the deoxidation equilibria in practical processes. Yuanchang et al. 4) determined the first-and second-order interaction parameter values of e Si Ti and r
Si
Ti in Fe-C-Si-Ti melt as 7.96 and Ϫ6.88, respectively, at 1 873 K using a silver bath iso-activity method for silicon contents up to X Si ϭ0.0562. Using the relations regarding the transformation of the interaction parameters, 5) 3) also used the silver bath iso-activity method and determined e Si Ti value in Fe-Si-Ti melts as 1.43 at 1 873 K for silicon contents up to 4.6 mass%. The results from these investigations 3, 4) using the similar technique show a large disagreement on the effect of silicon on the activity coefficient of titanium.
To resolve this discrepancy, it is the purpose of this study to obtain the accurate thermodynamics of titanium and nitrogen in Fe-Si-Ti-N melts as a function of temperature and predict under what condition titanium nitride will form.
Experimental Procedures
The metal-nitride-gas equilibration experiments were carried out to determine soluble titanium and nitrogen in Fe-Si melts in the presence of pure solid TiN under various nitrogen pressures. The experiment was carried out in a graphite resistance furnace in the temperature range of 1 843-1 923 K with an alumina reaction tube (OD: 7 cm, ID: 6 cm, L: 100 cm) as shown in Fig. 1 . The temperature of the hot zone was measured by a Pt/Pt-13mass%Rh thermocouple and was controlled within Ϯ2 K using a PID controller. The temperature reading of the thermocouple protected with an alumina tube at the bottom of crucible was corrected by measuring the temperature inside the crucible, using a separate thermocouple, prior to experiments.
Master alloys of Fe-4mass%Si and Fe-4mass%Ti were made by melting high purity iron (99.99 mass% purity) and adding silicon (99.99 mass% purity) and titanium (99.5 mass% purity) in a recrystallized alumina crucible in an Ar-3%H 2 atmosphere using an induction furnace. Desired 
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portions of master alloys were charged to make an intermediate melt composition for each experiment. The titanium nitride pellets were prepared by cold pressing pure TiN powder (99 % purity, Ͻ10 mm) and sintering in a pure nitrogen atmosphere at 1 923 K for 12 h. Fifteen grams of alloy and 1 g of titanium nitride pellets were placed in a high purity alumina crucible (OD: 2.2 cm, ID: 1.8 cm, H: 2.5 cm). Four crucibles containing metallic charges of different compositions were placed in a molybdenum wire cage and suspended in the hot zone of the furnace. When the temperature had reached a desired value, the argon was switched to a mixture of nitrogen and argon gases. The individual gas flow rate was controlled by a mass flow controller, and the total flow rate of gas mixture was in the range of 500-2 000 mL/min depending on the mixing ratio of nitrogen in the gas. In preliminary experiments, it was found that the time required for the metal-nitride-gas equilibrium was longer than 80 h. Therefore, for each set of experiment, the alloy melts with different initial titanium contents (0 and 0.2 mass% Ti) were equilibrated, and hence the equilibrium could be approached from high and low titanium contents with respect to the equilibrium value under a nitrogen partial pressure as shown in Fig. 2 .
After each experiment, the crucibles were pulled out and quenched in water. The metal sample away from the titanium nitride pellets was carefully cut for the chemical analysis. The leaching test of TiN powder (99 % purity, Ͻ10 mm) in various acid solutions indicated that TiN was nearly insoluble in dilute HCl (1ϩ2) solution at boiling condition up to 24 h. Therefore, the metal sample (0.2 g) was dissolved in 30 mL of HCl (1ϩ2) in a glass beaker of 50 mL capacity heated in a water bath for 6 h. After dissolving the sample, the solution was transferred to the measuring flask (100 mL) using ultra pure water with filtration. Titanium and silicon dissolved in sample solution were then analyzed by the ICP-AES using appropriate standard solutions containing the same amount of Fe (2 000 mass ppm) as sample solutions. Figure 3 shows the ICP intensities for Ti in standard solutions containing up to 1 mass ppm of Ti. The accuracy of Ti and Si analyses in metal sample was 5Ϯ1 mass ppm. The nitrogen and oxygen contents in metal samples were measured by the inert gas fusion-infrared absorptiometry with an accuracy of Ϯ1 mass ppm. Table 1 where K 1 is the equilibrium constant for Reaction (1) , and h Ti is the activity of titanium relative to 1 mass% standard state in liquid iron and f Ti is the activity coefficient of titanium. P N 2 is the nitrogen partial pressure in the gas phase. Under the present experimental condition, the activity of titanium nitride is unity.
Results and Discussion

Activity Coefficient of Titanium
The equilibrium constant K 1 can be rewritten as the following relation using the appropriate interaction parameters: 
Si
Ti are the first-and second order interaction parameters of Si on Ti, respectively. The Al content in metal samples after the equilibrium was less than 70 ppm. Therefore, the effect of Al on Ti activity was assumed to be negligible. Table 2 . 6, 8) In Fig. 4 , the values of log f Si Ti are plotted vs. percent silicon in the alloys using the relation expressed by Eq. (3). The data determined at different nitrogen partial pressures and temperatures show good linear relationships up to 2.26 mass% of silicon content. The relationship can be analytically expressed using only the first-order interaction parameter, e Fig. 5 , and it can be expressed as 177.5/TϪ0.12. The thermodynamic parameters determined in the present study are compared with previous results [2] [3] [4] in Table 3 . where K 4 is the equilibrium constant for Reaction (4) , and f N is the activity coefficient of nitrogen in 1 mass% standard state in liquid iron.
Solubility of Nitrogen
Using the similar relations as Eqs. (2) and (3), the equilibrium constant K 4 can be rewritten as Table 3 . Interaction parameters of Si on Ti and N. Therefore, the values of e N Si and r N Si in Eq. (6) can be determined from the experimental results and thermodynamic parameters shown in Tables 1 and 2. 6,9) Figure 7 shows the values of log f N Si plotted vs. percent silicon in the alloys using the relation expressed by Eq. (6). The first-order interaction parameter, e N Si can be determined as 0.0491 at 1 873 K by a linear regression analysis of data. This value is in good agreement with the values of 0.047 obtained by Pehlke et al. 10) and 0.048 obtained by Maekawa et al. 11) The temperature dependence of e N Si value is shown in Fig. 8 , and it can be expressed as Ϫ286.2/Tϩ0.202. The thermodynamic parameters determined in the present study are compared with previous results [10] [11] [12] in Table 3 .
TiN Stability Diagram
The reaction equilibrium for the formation of TiN in liquid iron can be written as (8) Therefore, using the thermodynamic parameters obtained in the present study and the data available in the literature, it is possible to construct the TiN stability diagram for a Fe-1%Si-Ti-N melt at 1 873 K as shown in Fig. 9 . The lines calculated using different e Si Ti values reported by other workers [2] [3] [4] are also shown in the figure. In this calculation, the e N Si value of 0.0491 at 1 873 K determined in the present study was used. It is apparent that there is a large discrepancy in predicting nitrogen and titanium contents for the formation of TiN in iron melt containing 1 mass% Si.
In order to resolve this discrepancy, a critical experiment was carried out to see under what conditions TiN forms in Fe-1%Si-Ti-N melt. Four Fe-1%Si-Ti samples containing different titanium contents were equilibrated with an Ar-10%N 2 atmosphere at 1 873 K for 12 h. Titanium nitride pellet was not added in this experiment. After the equilibration, the samples were water quenched, and analyzed for soluble titanium and nitrogen contents (points A, B, C and D in Fig. 9 ). According to the line 4 calculated using the e value determined in the present study, the melts with titanium and nitrogen contents of points A, B and C would not form TiN, whereas the lines 1 and 2 predict that TiN would form readily under all conditions. Inclusion analysis on metal samples by EPMA identified all inclusions in sample D as TiN precipitates as shown in Fig. 10 . However, inclusions in other samples (A, B and C) were identified as SiO 2 -TiO x type inclusions. Figure 11 shows the SEM image of a TiN precipitate in sample D. This result indicates that thermodynamic parameters between titanium and silicon, e Si Ti , and nitrogen and silicon, e N Si , determined in the present study are valid for the thermodynamic calculation of TiN formation in Fe-Si-Ti-N system.
Conclusions
In order to measure the thermodynamics of Fe-Si-Ti-N alloy melts, the equilibrium titanium and nitrogen contents of the melt were measured in the presence of pure solid TiN under various nitrogen partial pressures. The activity coefficients of titanium and nitrogen relative to 1 mass% standard state in liquid iron were determined, and interaction parameters of silicon on titanium and nitrogen were determined as a function of temperature. Thermodynamic calculations using the parameters determined in the present study were in excellent agreement with the experimental results of observing the formation of TiN precipitates in a Fe-1%Si-Ti-N melt of controlled titanium and nitrogen contents at 1 873 K.
